An adaptive infrared modulated image sequence processing method based on the complex Morlet wavelet analysis is proposed for the modulated thermography of composite materials, focusing on the complicated parameter selections. A wavelet scale selection algorithm is proposed according to the modulation frequency of thermal excitation and the sampling frequency of infrared imaging. The phase images obtained using this method and FFT are compared. The results show that the method can select the scale parameter of wavelet analysis automatically, and has a good tolerance to the change of modulation frequency.
Introduction
Active infrared non-destructive testing (IR NDT) is one of the widely used NDT techniques [1] . IR NDT is usually carried out by exciting specimens actively. In terms of different thermal excitation forms, IR NDT can be classified into pulsed thermography (PT), modulated thermograpy (MT), stepped thermography (ST) [2] , frequency modulated thermal wave imaging (FMTWI) [3] , etc.. MT, also known as lock-in thermography (LT), is one of the most widely used schemes in the defect detection of composite materials, due to its advantages of low power heating source, good tolerance for uneven heating and surface conditions. In MT, halogen lamps are usually used to stimulate the inspected specimen at a selected modulated frequency. Since the internal structure and thermal performance of defect areas and non-defect areas are different, the amplitude and phase of thermal signal are also different in the two areas during the thermal wave propagation. By analyzing the surface thermal wave signals to obtain the phase or amplitude difference, internal defects can be detected and identified. At present, the fast Fourier transform (FFT) is the commonly used signal processing method for MT, and the wavelet transform (WT) can also be used successfully [4] . The results in literature [4] by Robert Olbrych showed that the processing result obtained by the complex Morlet WT was similar to that of the FFT, and could characterize the transient process of the infrared modulated signal.
In the complex Morlet wavelet analysis, the selection of wavelet transform scale parameter plays a very important role. However, the scale parameter selection is usually determined by human experience with trial-and-error procedure and huge calculation. Therefore, it is of great significance to seek an adaptive scale selection algorithm for the complex Morlet wavelet analysis. In this paper, the infrared modulated image sequence processing method based on the complex Morlet WT is proposed focusing on the automatic selection of the scale factor.
Complex Morlet wavelet transform
The continuous wavelet transform (WT) is defined as Eq.(1) [5] . 
According to the reference [4] , the complex Morlet wavelet is chose as the parent wavelet. The function of the complex Morlet wavelet in time domain is defined as Eq.(5).
where f b is the bandwidth of the complex Morlet wavelet, and f c is the center frequency of the complex Morlet wavelet. Take f b =1Hz, f c =1Hz.
Experimental setup and sample
The experimental set up is a self-developed modulated thermography system which consists of an uncooled FPA IR camera, double halogen lamps, a thermal excitation controller, a computer, and the specific software, as shown schematically in Fig.1 . The resolution of the IR camera is 320 pixel × 240 pixel, the temperature sensitivity is 0.08K and the maximum frame rate is 60 Hz. The double halogen lamps with the total power of 2600W illuminate the sample with 45° incidence angle, and the distance from the lamps to the sample center is 45 cm. The IR camera was placed in front of the sample at a distance of 64 cm, and at the same side with the lamps. Parameters of thermal excitation and image acquisition are set in the application software so that the lamps emit a harmonic heat wave according to the given modulation frequency, and the IR camera synchronously records the change of the surface temperature of the sample. 
. Schematic diagram of the GFRP sample
The samples is a glass fiber reinforced plastic (GFRP) plate, as shown in Fig. 2 . It has internal delamination defects at different depths. The defects were made by inserting into a stainless steel sheet with a thickness of 0.05mm, and then pulling it out after forming. The shape of the steel sheet is a trapezium with the bottom of 12 mm, the top of 6 mm, the height of 19mm and the area of 171 2 mm . In order to increase the heat absorption and emissivity on the tested surface, the tested surface of the GFRP sample are coated with black paint.
The dimension of the GFRP sample is 200mm×150mm×2.5mm. There are 5 pairs of delamination defects embedded at 5 different depths along the side edges of the sample. The depths of the five pairs of defects are 0.3mm, 0.5mm, 1.0mm, 1.5mm and 2.0mm respectively. 
Effective scale
In wavelet analysis, the scale factor a is relative to frequency domain resolution. At the scale a , the center frequency a f of the wavelet is defined as Eq. (9):
where f s is the sampling frequency, f c is the center frequency of the parent wavelet. When the frequency of analyzed signal is closer to a f , the values of the wavelet transform coefficients are higher, and could characterize the analyzed signal better.
At time t , if the modulus of wavelet transform coefficients is maximum at the scale a , then the local frequency f of the analyzed signal at time t is similar to or the same as the center frequency a f of the wavelet at the scale a . So at the specific scale a , which is defined as the effective scale e a , the analyzed signal can be highly characterized. In other words, at the scale e a , the analyzed signal can be effectively characterized by wavelet transform coefficients.
Wavelet scale selection
The actual modulated wave signal is a superposition of a single frequency cosine signal, a transient response signal, low frequency noise and high frequency noise. By using the multi-scale characteristics of the wavelet transform and considering the modulation frequency of the thermal excitation, the cosine signal could be extracted from the actual modulated wave signal. When the modulation frequency is closest to one wavelet basis's center frequency among the others, the wavelet coefficients of this wavelet basis could effectively represent the cosine signal component. So the scale, which is corresponding to this wavelet basis, is an effective scale In order to figure out the noise distribution in the actual modulated wave signal, two sets of signal were adopted. One was an actual modulated wave signal. The other was an ideal stable wave signal at a single frequency. The actual modulated thermal wave signal , named as , was acquired by the IR camera with sampling frequency s f =1Hz. The modulation frequency f of the excitation source was 0.0625Hz. The IR camera recorded an image sequence in three modulation periods. The sampling number was N=48. The ideal stable wave signal was named as . Its expression was shown as Eq.(13). 
where Fig. 6 . It can be seen that the period of the wavelet coefficient phase curve is the same as the modulation period of the modulated thermal wave signal. Fig.7 is one of phase images of the wavelet transform coefficients when the phases are in the continuity interval, and Fig.8 is one of phase images of the wavelet coefficients when the phases are at the discontinuity points. 
. Phase images of the wavelet transform coefficients when the phases are at the discontinuity points
Due to the internal inconsistency, the thermal wave is transmitted unevenly inside the specimen. As seen from the two sets of images in Fig.7 and Fig.8 , the phase singular values at the discontinuity points result in excessive noise in the phase image and badly affect the identification of defects. According to Fig.5 and Fig.6 , the period of the wavelet coefficient phase is consistent with the modulation period of the thermal excitation. Therefore, the thermal excitation modulation period could be used to locate and remove the noisy images which are the phase images of the wavelet coefficients at the start of each modulation period, the end of each modulation period and their neighborhoods.
Steps of thermal image sequence processing using the adaptive complex Morlet WT
According to the above, M and e a can be selected adaptively based on the modulation frequency of thermal excitation and the sampling frequency of infrared imaging. The steps for processing the modulated thermal image sequence by using the adaptive complex Morlet WT can be summarized as follows:
(1) Getting M by Eq.(16) and taking the effective scale 
Experimental result
The thermal image sequences acquired by the modulated thermography are processed by the complex Morlet WT and the FFT respectively. In order to evaluate advantages and disadvantages of both methods in characterizing the defects at different depths, the signal-to-noise ratio (SNR) is selected as the quantitative evaluation criteria of the processing effects. The SNR is defined as Eq.17,
where T d and T nd are the average of the phase values in the defect area and non-defect area respectively;  nd is the standard deviation of the phase values in the non-defect area. The SNR for the adaptive complex Morlet wavelet analysis method is the maximum SNR among the phase sequence of the wavelet coefficients, and the SNR for the Fourier transform phase method is the SNR of the phase image calculated by FTT at the analysis frequency that is equal to, or closest to the modulation frequency.
The GFRP sample was tested at three modulation frequencies, f =0.0625Hz, f =0.0413Hz, and f =0.03125Hz respectively. The sampling frequency was f s =1Hz. According to Eq.16, the decomposition level M and effective scale e a were chosen as Table 2 . The processing results are shown in Fig.9-Fig.11 . Among them, Fig.9 (a)，Fig.10(a) and Fig.11(a) are the results of the adaptive complex Morlet wavelet analysis method, Fig.9(b) , Fig.10(b) and Fig.11(b) are the results of the Fourier transform phase method. Table 3, Table 4 and Table 5 are the SNR of the processing results. Fig.12(a) and Fig.12(b) show the SNR curves obtained by the two methods. For the complex Morlet wavelet phase method, the phase images of wavelet coefficients are not affected by the material surface noise signal. Defect areas in the phase image have clear and complete outline. Regardless of the depth of defects, the defect areas are bright spots in phase image of wavelet coefficients, which means the phase at the defect area always leads the phase at the non-defect area. As the thermal excitation modulation frequency decreases, the deeper defects can be detected. For the FFT phase method, firstly, when the analysis frequency is equal to the modulation frequency, delamination defects with a depth no greater than 1.5mm can be detected, as shown in Figure 9 (b) and Figure 11 (b) ; when the analysis frequency is not equal to the modulation frequency, the defects at a certain depth may not be detected, as shown in Figure 10 (b). Secondly, in Fig.9(b) and Fig.11(b) , the shallow defects (e.g. at the depth of 0.3mm) are bright spots, whereas the deep defects are dark spots, that is, the leading and lagging relations between the phase at the defect area and the non-defect area are inversed as the depth of the defect changes. Therefore, the defects at a certain depth must be missed. Finally, the defect outlines of dark spots are blurred. The FFT phase image is greatly affected by the speckles on the sample's surface and contains more noise
Conclusions
The adaptive wavelet scale selection algorithm for the complex Morlet wavelet analysis is proved effective to extract the effective scale, in which the modulation frequency is.
The adaptive complex Morlet wavelet phase analysis can automatically select the scale parameters (the effective scale and the corresponding decomposition level) of the wavelet analysis and has a good tolerance to the change of the modulation frequency.
The complex Morlet WT phase method can extract defects at different depths steadily. When the defects at different depths exist, the signs of the phase differences between the defect areas and the non-defect area are consistent. Therefore, the complex Morlet WT phase method does not have the situation of missing detect. However, the FFT phase method can obtain a good detection of the defect only at a specific depth corresponding to the modulation frequency, and may cause the missing detection of defects at other depths.
The complex Morlet WT method can remove the low-frequency and high-frequency noise of the modulated thermal imaging signal, and has the capability of extracting the sinusoidal signal at the modulation frequency from the noisy unsteady thermal wave signal.
